Digital elevation model (DEM) can be generated by interferometric synthetic aperture radar (InSAR). In this paper, the interferometric processing and analyses are carried out for Damxung-Yangbajain area in Tibet, using a pair of Europe remote-sensing satellite (ERS)-1/2 tandem SAR images acquired on 6 and 7 April 1996. A portion of the In-SAR-derived DEM is selected and compared with the 1:50 000 DEM to determine the precision of the InSAR-derived DEM. The comparison indicates that the root mean squared errors (RMSE), which are used to evaluate error, are about 35, 60, 10, and 15 m in the studied area, mountainous area, basin area and near-fault area, respectively, suggesting that obvious errors are mainly in mountainous area. Besides, the limitation of InSAR technology to generate DEM is analyzed. Our investigation shows that InSAR is an effective tool in geodesy and an important complement to field surveying in some dangerous areas.
Introduction
Interferometric synthetic aperture radar (InSAR) becomes a high precise DEM-generating method and a hotspot in earth sciences, because it can provide large scale images with high spatio-temporal resolution day and night (Zebker and Goldstein, 1998; Shan and Ye, 1998) . Europe remote-sensing satellite (ERS)-1/2 of European Space Agency (ESA) can provide high coherence SAR data with one day interval for producing DEM. If the InSAR-derived DEM can meet the survey requirements, the relief map can be produced based on the DEM (Liu et al, 2000) .
In this paper, a pair of ERS-1/2 tandem data covering Damxung-Yangbajain, Tibet, where the terrain and physiognomy are peculiar, is processed to generate DEM. Furthermore, the relationship between the InSARderived DEM and the specific geological condition, and the comparison between the InSAR-derived DEM and 
shows the main principle of deriving elevation from the phase difference by InSAR (Wang et al, 2002) , where h is the height to be determined, B is the baseline length, θ is the side looking angle, α is the baseline tilt angle, λ is the wavelength, R 1 and R 2 are the distance between the scatter and the radar antennas (O 1 and O 2 ) respectively, H is the height of the radar, and Δφ is the difference between the two interferometrical phases.
The main steps of InSAR data processing are shown in Figure 2 . The key technology is phase unwrapping and baseline parameter acquiring (Liao and Lin, 2003) . Extending from northern Samxung in the north to Angong in the south, the Damxung-Yangbajain graben located in the southeast of Nyainqentanglha Mountain consists of six basins (i.e., Gulu, Damxung, Ningzhong, Yangbajain and Jidago) and five transverse uplifts (i.e., Yanta, Juzhila, southern Damxung, southwestern Ningzhong and southern Yangbajain) (Institute of Geology, State Seismological Bureau, 1992) . It is a narrow valley of 230−240 km long, 5−25 km wide and 4 300−4500 m high with generally NE-SN trending. The graben is formed in the Himalayan movement (Wang, 1998) and becomes one of the most seismic active areas in Tibet. The 1952 Damxung earthquake and another 1411 earthquake occurred along the Nyainqentanglha southeastern piedmont fault. Figure 3 shows the tectonic environment with faults that distribute in the studied area.
InSAR data and processing
Compared with other kinds of remote sensing data, SAR data is more economic, reliable and effective. Deformation of faults and elevation information can be obtained by InSAR in the areas, such as Tibet, which are difficult for people to arrive (Zhang and Shao, 1998; Ning et al, 2006) . In this paper, we obtain DEM using a pair of ERS-1/2 tandem data by InSAR technology. The studied area is about 75×67 km 2 , ranging from 89°55′E to 90°40′E and from 29°50′N to 30°30′N. The parameters of SAR data are shown in Table 1 . The interferometric pattern is often affected by three factors: 1 the noise of SAR data; 2 the decorrelation caused by random motion of the Earth's surface, such as vegetation growth, wind influence on vegetation and change of soil humidity; 3 the baseline decorrelation caused by different incident angles (Li et al, 2000) .
Quality of the interferogram is the most intuitively estimated by coherence image. In this research, the average correlation coefficient is 0.58. The distribution of correlativities is asymmetric, and high-correlativity points are located in the uneven terrain.
Shuttle radar topography mission (SRTM) with 90 m resolution is used as the external DEM in data processing. It is subtracted from the interferometric pattern as a known terrain phase, then the residual phase is unwrapped, finally the external DEM is added back to get the elevation. Usage of external DEM can reduce difficulty of phase unwrapping, especially for the precipitous area, so as to guarantee the correctness of the phase unwrapping result. On the other hand, external DEM can provide relative veracious elevation reference for correcting errors if the orbit parameters do not meet requirement. The iterative disk masking algorithm (Atlantis Scientific Inc., 2004) is used in the phase unwrapping. In order to use DEM appropriately, it is important to analyze whether there is a rule of error distribution or whether the error distribution changes with terrain. Differences between the InSAR-derived DEM and the 1:50 000 DEM are obvious and some blank areas exist in the InSAR-derived DEM because of the specific terrain and radar shadow ( Figure 5 ). Figure 5 also shows the statistical distribution of errors. Errors can be large in the areas with complex hypsography and the precision may not be good if comparing the error statistics with that of the 1:50 000 DEM.
Precision analysis of DEM
The main reasons for errors are: 1 The measurement error of the secondary planet attitude and orbit can affect the differential interferometry result. High precision DEM depends on high precision parameters of orbit and baseline. The error of elevation caused by orbit measurement can be reduced by using high precision orbital parameters or ground control points. 2 The complex hypsography of the studied area can also cause foreshortening and layover in the SAR image. The incident angle of ERS is 23°, so the area with gradient larger than 20° can not be surveyed. The existence of shadow causes blanks in the image. And the temporal decorrelation caused by vegetation increases the noise, which make phase unwrapping more difficult. 3 The ambiguity height of the data affects the quality of DEM. In this paper, the perpendicular baseline is 95 m, which is a little small. Small perpendicular baseline is good for differential InSAR (D-InSAR), but not good for DEM generating which may be easily affected by error interferer. 4 The spatio-temporal change of atmospheric condition can cause accessional delay of interference phase, which may reduce the precision of DEM. 5 The horizontal resolutions of the two DEMs are different. The InSAR-derived DEM is resampled when compared with 1:50 000 DEM, which may cause errors.
The common methods to estimate precision of DEM include point check, section plane check and contour set check (Tang et al, 1999) . The former two ones are used in this paper. Firstly, the InSAR-derived DEM is resampled in order to make resolution the same as 1:50 000 DEM. Then the difference between the InSAR-derived DEM and 1:50 000 DEM is calculated point by point. The largest differences can be several kilometers, which are failing results caused by large gradient or radar shadow. Then 40 points (Table 2) are selected randomly; their longitude, latitude and elevation are acquired and the root mean squared error (RMSE), r, is calculated by Section planes are made randomly on DEM in order to validate the result. Eight section plane curves are made in x-, y-, and arbitrary direction respectively (Figure 6 ). As listed in Table 3 , RMSE of each section plane shows the difference between the RMSEs is less than 1 pixel. Besides, the InSAR-derived DEM exhibits the same trend of terrain and main hypsographic features as that of 1:50 000 DEM with average correlation coefficient of 0.99. RMSE of section planes in different directions is basically consistent to that of 40 points and the whole image with the difference of less than 1 pixel. So it can Figure 6 Comparative relief profiles between the identical points of InSAR-derived DEM and 1:50 000 DEM in x-(a), y-(b) and arbitrary directions (c). Note: r 1 , r 2 , ⋅⋅⋅, r 8 denote the root mean squared error of the eight sections.
be considered that the precision of InSAR-derived DEM of the Damxung-Yangbajain area is about 35 m. By the same estimating method, we get the precision is about 60, 10 and 15 m in mountainous area, basin area and the near fault area, respectively.
Geomorphological analysis
The Nyainqentanglha southeastern piedmont fault, i.e., western boundary fault of Damxung-Yangbajain graben/half-graben system, strikes northeast and dips southeast, with total length of 240 km. The fault exhibits complex geometric pattern and active characteristic. The fault is divided into three sections, i.e., northern section with NNE-trend, central section and southern section. Among them, the central section striking N40°-50°E and with length of 130 km, consists of several strands characterized by left-lateral strike-slip normal fault, forming three subzones with left-step en echelon pattern. The stepovers generate pull-apart structures in northwest of Damxung and north of Yangbajain, where develop two subparallel N30°-40°E-trending faults and shear-extensional fracture, respectively (Institute of Geology, State Seismological Bureau, 1992) .
The NE-trending Damxung-Yangbajain graben and half-graben system consists of six sub-basins and five horsts in turn. The western boundary of the system is controlled by the active Nyainqentangla southeastern piedmont fault, and the eastern boundary is controlled partly by active faults (Figure 7) . The system is asymmetric in the cross-section due to different activities along both eastern and western boundaries of the system.
The central and southern section of the Nyainqentanglha southeastern piedmont fault starts at north of Damxung, extends toward southwest to west of Yangbajain, then turns southward to west of Yangyinxiang with a total length of 136 km. The surface rupture of the central-southern section is divided into two sections by strike and active characteristics. One is left-lateral strike-slip normal fault, extending from Damxung in the north to Yangbajain in the west along the strike of N45°E, with length of 108 km. The maximum vertical offset is 8-9 m near the west of Ningzhong and the maximum horizontal offset 11-13 m near the north of Yangbajain. The other extends from the Yangbajain to Yangyinxiang along north-south direction, with a length of 28 km. It consists of a series of tensile and shear-tensile ruptures with right-lateral offset 2-4 m and vertical offset 1-4 m. The maximum vertical offset is 5 m (Institute of Geology, State Seismological Bureau, 1992). The central and southern section of the fault is associated with the south of Damxung M8 earthquake in the year 1411. Field investigation in the studied area also demonstrates that the surface rupture is still obvious (Figure 8 ). 
Conclusions
Based on a pair of ERS-1/2 data on 6 and 7 April 1996, this paper generates the elementary DEM of Damxung-Yangbajain area, from which we can get abundant hypsographic information, by InSAR technology. Comparing with SRTM (90 m resolution) and 1:50 000 DEM (25 m resolution), the resolution of InSAR-derived DEM is about 20 m, which suggests that DEM generated by InSAR can meet the 1:50 000 mapping requirement in terms of resolution. Then we esti- mate the precision by comparing it with 1:50 000 DEM, by taking RMSE as the error index. The result indicates that errors exist to different extents, while obvious errors are mainly in mountainous area. And the error in the whole studied area, mountainous area, basin area and the near-fault area are about 35, 60, 10 and 15 m, respectively.
By the experimental study of the DamxungYangbajain area, the conclusion can be drawn that In-SAR is a very effective surveying method specially in the areas which are difficult for people to reach, and DEM can be generated by InSAR more automatically compared with other surveying methods.
The main steps of data processing include the coregistration, resampling of the SAR image pair, calculation of the phase interferometric pattern, phase unwrapping, calculation of baseline, geometry transformation and geocoding. Among them, phase unwrapping and calculation of parameters and models of the baseline are need to be further studied.
The ways to improve the precision of interferential DEM include: 1 increasing the temporal correlation which relies on the design of hardware system; 2 controlling the baseline decorrelation and decreasing the ambiguity height which depends on the selection of interferential pair eclectically, i.e., the baseline should not be too large or too small, and 200-300 m is appropriate for ERS-1/2 system (Zeng and Jiao, 1998) ; 3 the models and parameters should be calculated precisely; 4 methods of correcting atmospheric phase delay should be improved.
The technology of InSAR including arithmetic, software, analysis method and hardware can meet the requirements of practical application. However, accuracy of the data should be improved. The data in use is acquired from the same secondary planet imaging in two adjacent orbits, and it is effected by excursion, aviation change and earth motion in certain period, which can cause errors. The precision of InSAR can be highly improved along with the launch of bi-antenna radar system.
